D-Sorbitol dehydrogenase was solubilized from the membrane fraction of Gluconobacter suboxydans var. a IFO 3254 by a procedure involving solubilization of the enzyme with Triton X-100 in the presence of KC1 and D-sorbitol. Purification of the enzyme was performed by fractionation with polyethylene glycol 6000, and column chromatographies on DEAE-and CMcellulose in the presence of Triton X-100. The enzyme was purified about 240-fold from the membranefraction of the organism. The purified enzyme was tightly bound to a c-type cytochrome existing as a dehydrogenase-cytochrome complex. The dehydrogenase was found to be a flavoprotein, and its flavin moiety was covalently bound to the dehydrogenase protein. The optimumpHof the enzymeactivity was 4.5, and the optimumtemperature was 25°C. D-Sorbitol was specifically oxidized by the purified enzyme, and D-mannitol was also oxidized to 5% of the reaction rate with D-sorbitol.
Today, vitamin C is produced industrially by the method of Reichstein1} and this manufacturing process involves one fermentation step, oxidation of D-sorbitol to L-sorbose, which is called "sorbose fermentation." The chemical oxidation of D-sorbitol results in racemic modification of sorbose and the yield of L-sorbose is reduced by half. Sorbose fermentation was discovered first"in the so-called ketogenic fermentation by oxidative bacteria such as Acetobacter, Gluconobacter and Pseudomonassp. The first report of sorbose fermentation was made by Bertrand, 2) and Acetobacter xylinum was found to be a useful bacterium. Since then the sorbose fermentation has been studied by manyworkers and manystrains of acetic acid bacteria having a In this paper we describe the solubilization and purification of D-sorbitol dehydrogenase from the membranefraction of G. suboxydans var. a which has a high enzyme activity. Characteristics of the enzyme are also described.
MATERIALS AND METHODS
Chemicals. All chemicals used in this work commercial products. D-Sorbitol for the culture mediumwas a gift from Takeda Pharmaceutical Co. Yeast extract was supplied by the Oriental Yeast Co.
Microorganismand cultivation. G. suboxydans var. a IFO 3254 was supplied by the Institute for Fermentation, Osaka (IFO), and used throughout this work. The medium consisted of 10 g ofD-sorbitol, 10g of sodium D-gluconate, 3g of yeast extract, and 3g ofPolypepton in 1 liter of tap water. Cultivation was carried out aerobically with rotary shaking or in a 50-liter jar fermentor at 30°C.
Preparation of membranefraction. Cells were harvested with a Sharpies centrifuge and washed twice with water. The cell paste was suspended in 0.01 m sodium acetate buffer (pH 5.0) and passed through a French pressure cell press at 20,000 psi. After centrifugation to remove intact cells, the supernatant was centrifuged at 80,000 x g for 90 min. The resultant precipitate was designated as the membranefraction.
Enzyme assay. Enzyme activity was measured by a routine assay according to the method employed by Wood et al. 16 ) using ferricyanide as an electron acceptor. The reaction mixture contained 10 fxmol of potassium ferricyanide, 0.5ml of Mcllvaine buffer (pH 4.5), 0.05% Triton X-100, 100 fimol of D-sorbitol and enzyme solution in a total volumeof 1.0ml. The reaction was carried out at 25°C with the addition of enzyme, and stopped by adding 0.5ml of ferric-Dupanol reagent. Then, 3.5ml of water was further added to the reaction mixture which was left standing for 10 min. After standing, the resulting stabilized Prussian blue color was measured spectrophotometrically at 660nm. One unit of enzyme activity was defined as the amount of enzyme catalyzing oxidation of 1 jumol of D-sorbitol per min under these assay conditions, and 4.0 absorbance units equaled 1 fimol of d- bromide and sodium stearate inactivated the enzyme. The effects of KC1and D-sorbitol on enzymesolubilization with Triton X-100 were also investigated. As shown in Table I Enzymesolution obtained by polyethylene glycol fractionation was applied to a DEAE-cellulose column (3.5 x 20 cm) equilibrated with 0.01 Msodium acetate buffer (pH 5.0) containing 0.1% Triton X-100. The column was washed with the same buffer.
completely.
Purifica tion All steps were performed at 0~5°C.
Centrifugation was carried out at 10,000 xg for 10 min and the buffer was 0.01 m sodium acetate buffer unless otherwise stated.
Step 1. Solubilization. Frozen membranes were thawed and suspended in the buffer (pH 5.0) to give about 10 mg/ml of protein, and then 1% TritonX-100, 0.1mKC1 and O.Imdsorbitol were added. The suspension was stirred for 2hr and centrifuged at 80,000 x g for 90 min to removethe precipitate.
Step 2. Fractionation withpolyethylene glycol 6000. To the resultant supernatant, polyethylene glycol 6000 was added to 20% (w/v) and the mixture left standing overnight. After centrifugation, the precipitate was dissolved in the buffer (pH 5.0) containing 0.1% Triton X-100. The suspension was centrifuged to remove the precipitate.
Step 3. DEAE-Cellulose column chrornatography. The resulting supernatant on centrifugation was placed on a DEAE-cellulose column (3.5 x20 cm) equilibrated with the buffer (pH 5.0) containing 0.1% Triton X-100 and the column was washed with the same buffer. The enzyme activity was eluted backwards far from major impurities during the washing of the column (Fig. 1) . Fractions having enzymeactivity were combined. The pooled enzyme solution was put in dialyzing tube and embedded in polyethylene glycol 6000 powder to concentrate it. The concentrated enzyme solution was dialyzed against the buffer (pH 5.8) containing 0.1% Triton X-100.
Step 4. CM-Cellulose column chromatography. The dialysate was applied to a CMcellulose column (3 x 10 cm) equilibrated with the buffer (pH 5.8) containing 0.1% Triton X-100, and washed with the same buffer. Elution of the enzyme was performed with a linear gradient of 0~0.15m KC1 in the same buffer. The enzyme activity was eluted at about 0.07 m KC1 and the fractions having enzyme activity were collected. A summaryof the enzyme purification is presented in Table II .
Ultracen trifugal analysis
Homogeneity of the purified enzyme was investigated with an analytical ultracentrifuge and the sedimentation pattern of the enzyme showed a single symmetrical peak (Fig. 2) . In the figure, the area from the sedimenting peak to the bottom is dark because of the red color of cytochrome contained in the enzyme. The Purified enzyme with a specific activity of 433 was used at the protein concentration of about 6 mg/ml in 0.01m sodium acetate buffer (pH 5.0) containing 1% Triton X-100 and 10% glycerol. The photograph was taken at 101 min after reaching 60,000 rpm. Sedimentation was from right to left. apparent sedimentation constant of the enzyme was calculated to be 5.9 S in the presence of 1% Triton X-100.
Electrophoretic analyses
Whenthe purified enzyme having a specific activity of 430 was subjected to conventional polyacrylamide gel electrophoresis, the enzyme exhibited one major protein band (Rm=0.6) having enzyme activity and one minor protein band having no enzyme activity. And upon gel electrophoresis with sodium dodecyl sulfate, the purified enzyme dissociated into three major protein bands with molecular weights of 63,000, 51,000 and 17,000 (Fig. 3) . Of the three components of D-sorbitol dehydrogenase, the largest component having a molecular weight of 63,000 was a flavoprotein, since exposure of unstained gel to ultraviolet rays sliowed intense fluorescence. The second component with a molecular weight of 51,000 which showed a red protein band on unstained gel was a cytochrome. The sum of each molecular weight of the three subunits gave 131,000
as the total molecular weight of D-sorbitol dehydrogenase.
Absorptionspectra
The absorption spectrum of the purified enzyme reduced with sodium dithionite showed absorption maxima at 551, 522 and 417nm in the visible region, suggesting the presence of a cytochrome component in the purified enzyme preparation (Fig. 4) . The cytochrome was determined to be a otype cytochrome judging from the pyridine hemochrome. The cytochrome was not reduced so rapidly by the addition of D-sorbitol, until coenzymeQx was added to the enzyme solution. Whenthe buffer solution containing lOmMD-sorbitol was used during the purification, the cytochrome of the purified enzyme was reduced by about 70% of the reduction by sodium dithionite. Storage of the purified enzyme solution at 5°C for several months changed the absorption spectrum, namely, the purified enzyme preparation after storage did not show the characteristic absorption spectrum for cytochrome.
By pyridine hemochrome, also, the presence of cytochrome was not detected. The reduced minus oxidized difference spectrum of the preparation after storage showed absorption maxima at 460 and 360nm, suggesting a flavin but not a cytochrome. Because decomposition of the heme structure proceeded and flavin which was bound to the dehydrogenase' becameapparent. and manykinds of substances were tested as substrates for the purified enzyme. Sugar alcohols tested are listed in Table III . Among tested substances, D-sorbitol was specifically oxidized and D-mannitol was also oxidized, 5% of the reaction rate with D-sorbitol.
Flavin determination
The optimum temperature of D-sorbitol dehydrogenase was found to be 25°C. Oxidation of D-sorbitol proceeded most rapid- detergent Triton X-100. However, to obtain a good yield of solubilization with Triton X-100, the addition of KC1and D-sorbitol was neeessary. D-Sorbitol played the role of a stabilizing agent for the enzyme during solubilization.
The enzyme was purified by using the conventional techniques in the presence of Triton X-100. The final enzyme preparation purified about 240-fold from the membranefraction was at least 90% pure judging from the densitometric scanning of sodium dodecyl sulfatedisc gel stained with Coomassie brilliant blue. The purified enzyme was found to be bound with a cytochrome, which is similar to some other membrane-bound dehydrogenases reported previously.6~13) However, the cytochrome of D-sorbitol dehydrogenase was not reduced quickly on the addition of D-sorbitol unless quinone was added to the enzyme solution, differing from cytochrome of dgluconate dehydrogenase1142) and 2-keto-Dgluconate dehydrogenase13) which were reduced rapidly on the addition of substrate. When the buffer containing D-sorbitol was used during the purification, the cytochrome of the purified enzyme stayed in the reduced form. It was thought that this cytochrome was one component of the D-sorbitol oxidizing system, but could not be reduced directly by D-sorbitol, because the purified enzyme probably lacked in the quinone.
The D-sorbitol dehydrogenase preparation Was composed of three subunits, a flavoprotein, a otype cytochrome and an unknown polypeptide, and these seemed to be components of the D-sorbitol oxidizing system in vivo. The primary dehydrogenase in the dsorbitol oxidizing system was found to be a flavoprotein, of which the flavin moiety was covalently bound and could not be extracted by the usual methods unless the enzyme was agent on solubilization of the enzyme but had no effect during the purification. Storage of the purified enzyme led to not only a decrease of the enzyme activity but also decomposition of the cytochrome resulting in the loss of the characteristic absorption spectrum and pyridine hemochrome. It is not yet known how cytochrome of the purified enzyme is decomposed or how decomposition of cytochrome is related the decrease in enzyme activity.
